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Abstract. The neutron radius of a heavy nucleus is a fundamental nuclear-structure observable that re-
mains elusive. Progress in this arena has been limited by the exclusive use of hadronic probes that are
hindered by large and controversial uncertainties in the reaction mechanism. The Parity Radius Experi-
ment at the Jefferson Laboratory offers an attractive electro-weak alternative to the hadronic program and
promises to measure the neutron radius of 208Pb accurately and model independently via parity-violating
electron scattering. In this contribution we examine the far-reaching implications that such a determination
will have in areas as diverse as nuclear structure, atomic parity violation, and astrophysics.
PACS. 21.10.Gv Mass and neutron distributions – 26.60.+c Nuclear matter aspects of neutron stars
1 Introduction
The nucleus of 208Pb is 18 order of magnitudes smaller
and 55 orders of magnitude lighter than a neutron star.
Yet remarkably, both the neutron radius of 208Pb as well
as the radius of a neutron star depend critically on our (in-
complete) knowledge of the equation of state of neutron-
rich matter. The emergence of such a correlation among
objects of such a disparate size is not difficult to under-
stand. Heavy nuclei develop a neutron-rich skin as a re-
sult of a large neutron excess and a large Coulomb bar-
rier that reduces the proton density at the surface of the
nucleus. Thus the thickness of the neutron skin depends
on the pressure that pushes neutrons out against surface
tension [1]. It is this same pressure that supports a neu-
tron star against gravitational collapse [2,3]. Thus models
with thicker neutron skins often produce neutron stars
with larger radii [4].
Attempts at mapping the neutron distribution of 208Pb,
or of any other heavy nucleus, using hadronic probes have
been met with limited success. Although highly mature
and successful, the hadronic program will never attain
the precision status that the electro-weak program enjoys.
This is due to the large and controversial uncertainties in
the reaction mechanism [5,6]. A particularly illustrative
example of this situation is provided by the proton and
neutron radii of 208Pb. While elastic electron scattering
experiments have determined the charge radius of 208Pb
to better than 0.001 fm [7], realistic estimates place the
uncertainty in the neutron radius at about 0.2 fm [8].
The enormously successful parity violating program
at the Jefferson Laboratory [9,10] provides an attractive
electro-weak alternative to the hadronic program. Indeed,
the Parity Radius Experiment (PREX) at the Jefferson
Laboratory aims to measure the neutron radius of 208Pb
accurately (to within 0.05 fm) and model independently
via parity-violating electron scattering [8]. Parity viola-
tion at low momentum transfers is particularly sensitive to
the neutron density because the Z0 boson couples primar-
ily to neutrons. Moreover, the parity-violating asymmetry,
while small, can be interpreted with as much confidence
as conventional electromagnetic scattering experiments.
PREX will provide a unique observational constraint on
the thickness of the neutron skin of a heavy nucleus. We
note that since first proposed in 1999, many of the techni-
cal difficulties intrinsic to such a challenging experiment
have been met [11]. For further details on the status of the
experiment, see the contribution from Robert Michaels to
these proceedings.
2 Formalism
The starting point for the calculation of both the prop-
erties of finite nuclei, their self-consistent linear response,
and the structure and dynamics of neutron stars is based
on a relativistic density functional. The underlying La-
grangian density includes an isodoublet nucleon field in-
teracting via the exchange of two isoscalar mesons — a
scalar and a vector — one isovector meson, and the pho-
ton. Details of this model may be found in Refs. [12,13].
In addition to meson-nucleon interactions, the Lagrangian
density must be supplemented by nonlinear meson inter-
actions that are responsible for a softening of the equation
of state of symmetric nuclear matter at both normal and
high densities [14]. Of particular relevance to the present
contribution is an effective coupling constant (denoted by
Λv) that induces isoscalar-isovector mixing and has been
added to tune the poorly-known density dependence of the
symmetry energy [4,15]. As a result of the strong correla-
tion between the neutron radius of heavy nuclei and the
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Fig. 1. Proton (charge) and neutron (point) densities for 208Pb
using a variety of values for the isoscalar-isovector coupling
constant Λv.
pressure of neutron-rich matter [1,16], the neutron skin of
a heavy nucleus is also highly sensitive to changes in Λv.
Hence, the interacting Lagrangian density of Ref. [14] has
been supplemented by the following term:
Lint = Λv
(
g2
ρ
bµ · b
µ
)(
g2
v
VµV
µ
)
, (1)
where V µ and bµ denote isoscalar and isovector vector
fields, respectively.
3 Results
We start this section by displaying in Fig. 1 the impact
of the addition of the empirical coupling constant Λv on
both the charge and point-neutron densities of 208Pb. An
important constraint that must be satisfied by the addi-
tion of any new coupling constant into the Lagrangian is
that the success of the effective model in reproducing well
determined ground-state observables is maintained. Fig-
ure 1 indicates that this is indeed the case for the charge
density — an observable largely insensitive to the value of
Λv. In contrast, the changes in Λv depicted in the figure
yield a significant reduction in the value of neutron skin of
208Pb: from Rn−Rp=0.28 fm to Rn−Rp=0.20 fm. Note
that the neutron skin Rn−Rp is defined as the difference
between the (point) root-mean-square neutron and proton
radii.
3.1 Atomic Parity Violation
Due to the widespread interest of the PAVI06 audience
on atomic parity violation, we add a brief discussion that
the impact of a 1% measurement of the neutron radius in
208Pb could have on the neutron radius of those heavy nu-
clei that have been identified as promising candidates to
the atomic parity violation program. These include Bar-
ium, Dysprosium, Ytterbium, and Francium. For more
in depth discussions on atomic parity violation, see the
contributions to these proceedings by Profs. Derevianko,
Lintz, Budker, Tsigutkin, Gwinner, and Sanguinetti.
In large part the choice of suitable atomic systems is
the existence of very close (nearly degenerate) levels of
opposite parity that enhance significantly the parity vio-
lating amplitudes. Unfortunately, parity-violating matrix
elements are contaminated by uncertainties in both atomic
and nuclear structure. A fruitful experimental strategy for
removing the sensitivity to the atomic theory is to mea-
sure ratios of parity violation observables along an isotopic
chain. This leaves nuclear-structure uncertainties, in the
form of differences in neutron radii, as the limiting factor
in the search for physics beyond the standard model [17,
18,19]. All three elements, Barium, Dysprosium, and Yt-
terbium, have long chains of naturally occurring isotopes.
While the experimental strategy demands a precise knowl-
edge of neutron radii along the complete isotopic chain, we
only correlate here (as means of illustration) the neutron
radius of 208Pb to the neutron radius of a member of the
isotopic chain having a closed neutron shell (or subshell).
That is, we focus exclusively on: 138Ba(Z = 56;N = 82),
158Dy(Z=66;N=92), and 176Yb(Z=70;N=106).
The neutron skins of 138Ba, 158Dy, and 176Yb, are cor-
related to the corresponding neutron skin of 208Pb in the
three panels of Fig. 2. We observe a tight linear correlation
that is largely model independent. The linear regression
coefficients (slope m and intercept b) have been enclosed
in parenthesis [20]. A theoretical spread of approximately
0.2 to 0.3 fm in the neutron radius of 208Pb was estimated
in Refs. [16,17]. Most of this spread is driven by difference
between relativistic and nonrelativistic models, which has
recently been attributed to the poorly known density de-
pendence of the symmetry energy [21,22]. With the cul-
mination of the the Parity Radius Experiment at the Jef-
ferson Laboratory [11], the theoretical spread will be re-
placed by a genuine experimental error that is five times
smaller, that is, ∆Rn(
208Pb) ≃ 0.056 fm. This 1% mea-
surement of the neutron radius in 208Pb translates into
a neutron radius uncertainty of ∆Rn(
138Ba) ≃ 0.045 fm,
∆Rn(
158Dy) ≃ 0.034 fm, and∆Rn(
176Yb) ≃ 0.052 fm, re-
spectively. The results presented above employ a nuclear-
structure model that lacks both deformation and pairing
correlations— effects that may be important for the nuclei
considered in atomic parity violating experiments. Thus,
the present calculations were limited to the study of that
single member of each isotopic chain having a closed neu-
tron shell. This shortcoming was overcome in Ref. [23]
through the inclusion of both nuclear deformation and
pairing correlations. Further, in anticipation of future ex-
periments on high Z atoms — where the accuracy in the
measurements of atomic parity violating effects may be
significantly improved — nuclear structure corrections to
the weak charge in Francium isotopes were also computed.
Insofar as the neutron radius of heavy nuclei may be re-
J. Piekarewicz: Parity Violation, the Neutron Radius of Lead, and Neutron Stars 3
0.15 0.2 0.25
R
n
-Rp for 
208Pb (fm)
0.15
0.2
0.25
0.3
R n
-
R p
 
(fm
)
0.1
0.15
0.2
0.25
R n
-
R p
 
(fm
)
138Ba (m=0.801, b=0.012)
176Yb (m=0.932, b=0.023)
NL3
S271
Z271v
0.05
0.1
0.15
0.2
R n
-
R p
 
(fm
)
158Dy (m=0.628, b=-0.004)
Fig. 2. Skin-skin correlations for three heavy nuclei of possible
relevance to atomic parity violation (138Ba, 158Dy, and 176Yb)
as a function of the neutron skin of 208Pb for three models pre-
dicting a different density dependence for the symmetry energy.
Quantities in parenthesis represent linear regression coefficients
(slope and intercept).
garded as a robust bulk property, the results presented in
Ref. [23] confirmed the results presented here in Fig. 2.
3.2 Neutron Star Structure
Neutron stars contain a non-uniform crust above a uni-
form liquid mantle (or outer core). See Fig. 3, courtesy
of Dany Page, for an accurate rendition of the expected
structure of a neutron star. To compute various proper-
ties of neutron stars, the equation of state for the uniform
liquid phase is assumed to consist of neutrons, protons,
electrons, and muons in beta equilibrium. Further, it is
assumed that this description remains valid in the high-
density inner core. Thus, the very interesting possibility of
transitions to various exotic phases, such as meson conden-
sates, hyperonic matter, and/or quark matter, are are not
considered here. In the opposite domain, namely, at the
lower densities of the crust, the uniform system becomes
unstable against density fluctuations. That is, at these
densities it becomes energetically favorable for the system
Fig. 3. State-of-the-art rendition of the structure of a neutron
star (courtesy of Dany Page).
to separate into regions of high- and low-density matter.
In this non-uniform region the system is speculated to con-
sist of a variety of complex and exotic structures, such as
spheres, cylinders, rods, plates, etc. — collectively dubbed
as nuclear pasta [24,25]. While microscopic calculations
of the nuclear pasta are now becoming available [26,27,
28,29], it is premature to incorporate them in our cal-
culation. Hence, after determining the transition density
from the uniform liquid mantle to the non-uniform solid
crust via an RPA stability analysis [15], a simple poly-
tropic equation of state is used to interpolate between the
outer crust [30] and the uniform liquid [31].
Results for the transition density from the uniform liq-
uid mantle to the non-uniform solid crust as a function of
the neutron skin in 208Pb are displayed in Fig 4. Various
models are used to show the nearly model-independent re-
lation between these two seemingly distinct observables.
The figure displays an inverse correlation between the
neutron-skin and the transition density found in Ref [15].
This correlation suggests that models with a stiff equa-
tion of state predict a low transition density, as it be-
comes energetically unfavorable to separate nuclear mat-
ter into regions of high and low densities. Finally, this
“data-to-data” relation illustrates how an accurate and
model-independent determination of the neutron skin of
208Pb at the Jefferson Laboratory — assumed here purely
on theoretical biases to be Rn−Rp = 0.20 fm — would
determine an important neutron-star observable.
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Fig. 4. Transition density from the uniform liquid mantle to
the non-uniform solid crust as a function of the neutron skin
of 208Pb. Different models are used to show the largely model
independent relation between these two observables.
Having constructed several accurately calibrated equa-
tion of states, such as NL3 [32] — together with its softer
versions [15] — and FSUGold [33], we now examine their
predictions for the structure of a “canonical” 1.4 solar-
mass neutron star (M = 1.4 M⊙). To do so, we solve
the Tolman-Oppenheimer-Volkoff (TOV) equations, a set
of equations appropriate for the structure of spherically-
symmetric neutron stars in hydrostatic equilibrium. These
equations are a generalization of Newton’s equation for
hydrostatic equilibrium supplemented by three corrections
from general relativity [34]. Incorporating these correction
terms is critical, as typical escape velocities from neutron
stars are of the order of half the speed of light. The TOV
equations with their associated boundary conditions are
still incomplete without the provision of an equation of
state, i.e., a relation between the pressure and the energy
density. Indeed, if general relativity is assumed valid — a
very modest and safe assumption — the only physics that
the structure of neutron stars is sensitive to is the equation
of state of neutron-rich matter in beta equilibrium.
In Fig. 5 the pressure profile of a M=1.4 M⊙ neutron
star is displayed for various equations of states. The curves
labeled as NL3 employ the original NL3 set of Lalazis-
sis and collaborators [32] (denoted here as NL3 000) plus
variants of it labeled by its value for the isoscalar-isovector
mixing Λv [see Eq. (1)]. The addition of Λv allows one
to tune the neutron radius of 208Pb without sacrificing
the success of the model in reproducing a variety of well-
known ground-state observables, such as binding energies
and charge radii. The figure clearly indicates the robust
correlation between the neutron skin of 208Pb (enclosed
in parenthesis) and the radius of the neutron star: models
with a softer symmetry energy yield both neutron skins
and neutron-star radii smaller relative to the stiffer NL3
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Fig. 5. Pressure profile of a 1.4 solar-mass neutron star for a
variety of models predicting a different density dependence of
the equation of state of neutron-rich matter.
set. Yet the correlation, as opposed to the one displayed
in Fig. 4, is not model independent. The radius of the
neutron star depends on both the low- and high-density
dependence of the equation of state, while the neutron skin
of 208Pb depends only on the former. Indeed, the FSUGold
set, with a considerably softer high-density component of
the equation of state, requires higher pressures— and thus
higher densities — to prevent the gravitational collapse of
the star. As a result, FSUGold predicts a star radius that
is considerably smaller than that of the NL3 030 set, even
though they predict very similar values for the neutron
skin of 208Pb. Many other neutron-star properties have
been correlated to the neutron skin of 208Pb, such as the
cooling of neutron stars through the direct URCA pro-
cess. Unfortunately, due to space limitations they are not
being addressed here. The interested reader is referred to
Ref. [33] for further details.
4 Conclusions
The neutron radius of a heavy nucleus is a fundamental
nuclear-structure observable that remains elusive, mainly
due to our inability to use electro-weak probes to sample
the neutron distribution. While a highly mature hadronic
program has been used to map the neutron distribution,
the clean extraction of the neutron radius has been marred
by controversial uncertainties in the reaction mechanism.
The established and successful parity-violating program
at the Jefferson Laboratory provides an attractive electro-
weak alternative to the hadronic program. The Parity Ra-
dius Experiment at the Jefferson Laboratory will take ad-
vantage of the strong coupling of the Z0 boson to neu-
trons to measure the neutron radius of 208Pb accurately
and model independently. While the intrinsic achievement
of this experiment is undeniable, in this contribution we
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have examined the far-reaching consequences that such a
measurement could have over fields as diverse as atomic
parity violation and astrophysics. First, a tight correla-
tion was found between the neutron skin of 208Pb (the
aim of the PREX experiment) and the neutron radius of
a variety of elements (Barium, Dysprosium, and Ytter-
bium) of relevance to atomic parity violation program. Al-
though the calculations presented here neglect both defor-
mation and pairing correlations, we have argued — based
on more sophisticated calculations — that being a bulk
nuclear property, the neutron radius remains largely in-
sensitive to these effects. Second, we demonstrated that
PREX will also have a strong impact on various astrophys-
ical observables. Indeed, a model-independent (or “data-
to-data”) relation between the neutron skin of 208Pb and
the transition density from the uniform liquid mantle to
the non-uniform solid crust was established. This correla-
tion emerged as a result of the similar composition of the
neutron skin of a heavy nucleus and the crust of a neutron
star: neutron-rich matter at similar densities. Further, we
showed how the measurement of the neutron skin in 208Pb
is strongly correlated to the radius of a M=1.4 M⊙ neu-
tron star. This result emerges as a direct consequence of
the density dependence of the symmetry energy, as the
same pressure that pushes neutrons out against surface
tension in the nucleus of 208Pb is responsible for pushing
neutrons out against gravity in a neutron star. Yet in con-
trast to the “data-to-data” relation described above, this
correlation is model dependent — as the radius of the neu-
tron star depends on both the low- and high-density com-
ponent of the equation of state. Thus, we eagerly await
observational results to constrain the high-density com-
ponent of the equation of state. Fortunately, earth- and
space-based telescopes have started to place important
constrains on the high-density component of the equation
of state. New telescopes operating at a variety of wave-
lengths are turning neutron stars from theoretical curiosi-
ties into powerful diagnostic tools. Significant advances
in observational astronomy will soon yield the first com-
bined measurement of mass-radius relations for a variety
of neutron stars. These results — combined with the Par-
ity Radius Experiment at the Jefferson Laboratory — will
provide the most complete information to date on the long
sought equation of state of neutron-rich matter.
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